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The resolution of a conventional imaging system based on first-order field correlation can be
directly obtained from the optical transfer function. However, it is challenging to determine the
resolution of an imaging system through random media, including imaging through scattering me-
dia and imaging through randomly inhomogeneous media, since the point-to-point correspondence
between the object and the image plane in these systems cannot be established by the first-order
field correlation anymore. In this paper, from the perspective of ghost imaging, we demonstrate
for the first time to our knowledge that the point-to-point correspondence in these imaging systems
can be quantitatively recovered from the high-order correlation of light fields, and the imaging ca-
pability, such as resolution, of such imaging schemes can thus be derived by analyzing high-order
correlation of the optical transfer function. Based on this theoretical analysis, we propose a lensless
Wiener-Khinchin telescope based on high-order spatial autocorrelation of thermal light, which can
acquire the image of an object by a snapshot via using a spatial random phase modulator. As an
incoherent imaging approach illuminated by thermal light, lensless Wiener-Khinchin telescope can
be applied in many fields such as X-ray astronomical observations.
Imaging resolution is an important metric of various
imaging systems, including microscopy, astronomy, and
photography [1–4]. It is well known that the operating
wavelength λ and the aperture D of an imaging sys-
tem are two key parameters for resolution [1, 2]. Gen-
erally speaking, in conventional imaging systems, where
a point-to-point correspondence between the object and
the image plane can be established based on first-order
field correlation, the resolution can be directly analyzed
from a transmission function of the imaging system, and
it is proportional to λ/D. Therefore, a shorter wave-
length λ and/or a larger aperture D is required for a
higher resolution, however, a large aperture leads to de-
manding requirements on the manufacture of a tradi-
tional monolithic optical telescope, which is arduous es-
pecially for X-ray imaging.
Recently, emerging systems through random media [5–
18] have been built, which include imaging through scat-
tering media and imaging through randomly inhomoge-
neous media. However, it is challenging to determine the
resolution of these imaging systems, since the point-to-
point correspondence between the object and the image
plane in these systems cannot be established by the first-
order correlation anymore. In this paper, we show that
when the statistical properties of the random media are
known as a prior, the resolution of such imaging system
can be deduced by analyzing high-order correlation of
light fields from the prospective of ghost imaging (GI)
[9, 19, 20]. Based on this theoretical analysis, a lensless
Wiener-Khinchin telescope is further proposed based on
high-order spatial autocorrelation of thermal light, which
can acquire the image of the object in a single shot by
using a spatial random phase modulator (SRPM). We
theoretically and experimentally demonstrate that differ-
ent from conventional imaging systems, the resolution of
lensless Wiener-Khinchin telescope not only depends on
the aperture of SRPM, but also on the statistical prop-
erties of it. The influence of signal bandwidth is also
investigated. Moreover, experimental results for both far
away and equivalent infinity far away imaging proves the
feasibility of the proposed lensless Wiener-Khinchin tele-
scope in astronomical observations.
The proposed lensless Wiener-Khinchin telescope (Fig.
1) consists of a SRPM and a charge-coupled device
(CCD) detector, which detects the intensity distribution
of the modulated light field. The object is illuminated
by a thermal light source.
FIG. 1. Schematic of a lensless Wiener-Khinchin telescope.
D is the diameter of the SRPM. z1 and z2 are distances from
the object and detection planes to the SRPM, respectively.
For incoherent imaging [21], the spatial intensity dis-
tribution detected by the CCD detector is
It(r) =
∫
∞
−∞
I0(r0)hI(r; r0)dr0 , (1)
where I0(r0) is the intensity distribution in the object
2plane, hI(r; r0) = hE(r; r0)h
∗
E(r; r
′
0) is the incoherent in-
tensity impulse response function, hE(r; r0) is the point-
spread function (PSF) of the imaging system.
Considering the spatial random phase modulator for
thermal light as an ergodic process, the second-order spa-
tial autocorrelation of the measured light field is [22, 23]
G
(2)
It
(r +∆r, r)
= 〈E∗t (r +∆r)E
∗
t (r)Et (r)Et (r +∆r)〉r
= {E∗t (r +∆r)E
∗
t (r)Et (r)Et (r +∆r)}s
= {It (r) It (r +∆r)}s
(2)
where 〈·〉r is the spatial average over the coordinate r,
and {·}s is the ensemble average of the SRPM. Plugging
Eq. (1) into Eq. (2), we have
G
(2)
It
(r +∆r, r) =
∫∫
∞
−∞
G
(2)
h (r +∆r, r0 +∆r0; r, r0)
I0(r0 +∆r0)I0(r0)dr0d∆r0,
(3)
where
G
(2)
h (r +∆r, r0 +∆r0; r, r0) =
{h∗E(r +∆r; r0 +∆r0)h
∗
E(r; r0)hE(r; r0)hE(r +∆r; r0 +∆r0)}s
(4)
is the second-order correlation function of PSFs.
According to the Central Limit Theorem [24], the light
field hE(r; r0) through the spatial random phase modu-
lator obeys the complex circular Gaussian distribution in
spatial domain [24], and G
(2)
h (r+∆r, r0 +∆r0; r, r0) can
be written as [25]
G
(2)
h (r +∆r, r0 +∆r0; r, r0)
= B
[
1 + g
(2)
h (r +∆r, r0 +∆r0; r, r0)
] (5)
with B = {h(r; r0)}s{h(r +∆r; r0 +∆r0)}s, and
g
(2)
h (r +∆r, r0 +∆r0; r, r0)
=
∣∣∣{h∗E(r +∆r; r0 +∆r0)hE(r; r0)}s∣∣∣2
B
(6)
is the normalized second-order correlation of PSFs.
For Fresnel diffraction, the PSF of a lensless Wiener-
Khinchin telescope is
hE(r; r0) =
exp{j2pi(z1 + z2)/λ}
−λ2z1z2
exp
{
jpi(r − r0)
2
λ(z1 + z2)
}
∫
∞
−∞
P (rm)t(rm) exp
{
jpi(z1 + z2)
λz1z2
[
rm −
z1r + z2r0
z1 + z2
]2}
drm,
(7)
where P (rm) and t(rm) = exp [j2pi(n− 1)η(rm)/λ]
are the pupil function and the transmission function of
SRPM, respectively, while η(rm) and n are its height and
refractive index, respectively. The space translation in-
variance of system in space (also known as memory effect
[26, 27]) is required for the Fresnel approximation [28].
Since the target of a telescope is very small compared
with the imaging distance, the memory effect is satisfied
in lensless Wiener-Khinchin telescope.
In general, the height ensemble average Rη (rm, rn) of
SRPM obeys the following mathematical form [29]
Rη (rm, rn) = {η (rm) η (rn)}s
= ω2 exp
{
−
(
rm − rn
ζ
)2}
= Rη (∆rm) , ∆rm=rm − rn,
(8)
where ω and ζ are the height standard deviation and
the transverse correlation length of SRPM, respectively.
Substituting Eq. (7) and Eq. (8) into Eq. (6) yields (see
Supplement 1 for details)
g
(2)
h (r +∆r, r0 +∆r0; r, r0)
≈
∣∣∣∣∣
{
exp
{
−2
[
2pi(n− 1)
λ
]2 [
ω2 −Rη
(
2λz1z2
z1 + z2
ν
)]}
⊗F
{
|P (µ+ µ0)|
2
}
µ→ν
}
z1∆r + z2∆r0
2λz1z2
∣∣∣∣∣∣∣
2
= g
(2)
h
(
z1∆r + z2∆r0
2λz1z2
)
,
(9)
where F{· · · }µ→ν represents the Fourier transform of the
function with the variable µ and the transformed function
variable is ν, and
µ0 =
z1(2r +∆r) + z2 (2r0 +∆r0)
2 (z1 + z2)
. (10)
Taking Eqs. (5) and (9) into Eq. (3), we have
G
(2)
It
(r +∆r, r) ≈ B
{[
1 + g
(2)
h
(
∆r0
2λz1
)]
⊗G
(2)
I0
(r0 +∆r0, r0)
}
−
z1
z2
∆r
,
(11)
where
G
(2)
I0
(r0 +∆r0, r0) =
∫
∞
−∞
I0(r0)I0 (r0 +∆r0) dr0, (12)
and
g
(2)
h
(
∆r0
2λz1
)
=
∣∣∣∣∣
{
exp
{
−2
[
2pi(n− 1)
λ
]2 [
ω2 −Rη
(
2λz1z2
z1 + z2
ν
)]}
⊗F
{
|P (µ+ µ0)|
2}
µ→ν
}
∆r0
2λz1
∣∣∣∣∣∣∣
2
.
(13)
3According to the Wiener-Khinchin theorem for deter-
ministic signals [30](also known as autocorrelation theo-
rem [31]), we have
G
(2)
I0
(r0 +∆r0, r0) = F
−1
{∣∣∣F {I0(r0)}r0→f0
∣∣∣2}
f0→∆r0
.
(14)
Substituting Eq. (14) into Eq. (11), we obtain
G
(2)
It
(r +∆r, r) ∝
{[
1 + g
(2)
h
(
∆r0
2λz1
)]
⊗F−1
{∣∣∣F {I0(r0)}r0→f0
∣∣∣2}
f0→∆r0
}
−
z1
z2
∆r
.
(15)
Eq. (15) indicates that the energy spectral density∣∣∣F {I0(r0)}r0→f0
∣∣∣2 of the intensity distribution I0(r0) on
the object plane can be separated from G
(2)
It
(r +∆r, r),
and the resolution is determined by g
(2)
h
(
∆r0
2λz1
)
. The
image of I0(r0) can be reconstructed by utilizing phase
retrieval algorithms [32–35]. Here, only amplitude infor-
mation of the target is interested, which can be used as a
constraint to significantly improve the speed and quality
of reconstruction [36].
To quantify the imaging system, the relationship be-
tween the field of view (FOV), the resolution and the
spatial random phase modulator is analyzed.
The FOV of lensless Wiener-Khinchin telescope is lim-
ited by the memory effect range of the imaging sys-
tem. Considering the height standard deviation ω of the
SRPM, the normalized second-order correlation function
of light fields between different incident angles without
transverse translation is (see Supplement 1 for details)
g
(2)
θ (∆θ) ≈ exp
{
−
(pinω
λ
sin2 (∆θ)
)2}
, (16)
where ∆θ is the variation of the incident angle. Accord-
ing to Eq. (16), the FOV is proportional to
λ
ω
.
In addition, Eq. (15) leads to a limitation of the FOV,
FOV <
L
z2
(17)
with L denoting the CCD detector size. This equation
indicates that FOV is also limited by the CCD detector
size. In order to obtain a large FOV, the CCD detector
size of lensless Wiener-Khinchin telescope is required to
be much larger than
λz2
ω
in Eq. (16).
Eq. (13) indicates that the resolution not only
depends on the aperture of the SRPM, but also the
statistical properties of it. According to the convolution
operation in g
(2)
h
(
∆r0
2λz1
)
, we discuss two simple cases
below, where the resolution is mainly limited by the
aperture and the statistical properties of the SRPM,
respectively.
Case 1: resolution is mainly limited by the aper-
ture.
When the full width at half maximum (FWHM) of
exp
{
−2
[
2pi(n− 1)
λ
]2 [
ω2 −Rη
(
2λz1z2
z1 + z2
ν
)]}
is much
smaller than the FWHM of F
{
|P (µ+ µ0)|
2
}
µ→ν
, we
have
g
(2)
h
(
∆r0
2λz1
)
≈
∣∣∣∣∣∣∣F
{
|P (µ)|
2
}
µ→−
∆r0
2λz1
∣∣∣∣∣∣∣
2
. (18)
For a circle aperture of the SRPM, P (µ) = circ
( µ
D
)
,
and this leads to
g
(2)
h
(
∆r0
2λz1
)
∝


J1(
2piD∆r0
z1λ
)
2piD∆r0
z1λ


2
. (19)
In this case, the resolution of the lensless Wiener-
Khinchin telescope is proportional to λz1/D.
Case 2: resolution is mainly limited by the statis-
tical properties.
When the FWHM of
exp
{
−2
[
2pi(n− 1)
λ
]2 [
ω2 −Rη
(
2λz1z2
z1 + z2
ν
)]}
is much
larger than the FWHM of F
{
|P (µ+ µ0)|
2
}
µ→ν
,
g
(2)
h
(
∆r0
2λz1
)
≈ exp
{
−4
[
2pi(n− 1)ωz2∆r0
λ (z1 + z2) ζ
]2}
, (20)
with the first-order approximation. In this case, the
resolution is proportional to
(
1 +
z1
z2
)
λζ
(n− 1)ω
.
For digital images, the reconstruction is also affected
by the pixel size of the CCD detector. Due to Eq. (14),
the pixel size PCCD of the CCD detector is required by
PCCD <
z2
Mz1
g
(2)
h
(
∆r0
2λz1
)
, (21)
where M denotes a split number for discrimination of
resolution.
The experimental setup is shown in Fig. 2. An ob-
ject is illuminated by a xenon lamp. The reflected light
is filtered by a narrow-band filter, and modulated by a
SRPM with a height standard deviation ω = 1 µm, a
4transverse correlation length ζ = 44 µm and the refrac-
tive index n = 1.46, and then relayed by a lens with a
magnification factor β = 10 and a numerical aperture
N.A. = 0.25 onto a CCD detector (APGCCD) with a
pixel size 13 µm × 13 µm, which records the magnified
intensity distribution. The lens is only used to amplify
the intensity distribution to match the pixel size of the
CCD detector, and is not necessary in some conditions.
FIG. 2. Experimental setup of lensless Wiener-Khinchin tele-
scope.
FIG. 3. Experimental results with different narrow-band fil-
ters. (a) A photograph of the double slit, where a yellow scale
bar is inserted in the low right corner. Reconstructed images
with different narrow-band filters: (b) λ = 532 nm, w = 3
nm, (c) λ = 532 nm, w = 10 nm, (d) λ = 550 nm, w = 10
nm, (e)λ = 550 nm, w = 25 nm, (f) λ = 550 nm, w = 50 nm.
In order to analyze the resolution of the system, a dou-
ble slit (shown in Fig. 3(a)) is selected. Since the image
is obtained from the second-order spatial autocorrelation
of thermal light, the temporal coherence is not strictly
required. But the temporal coherence of the light field
still affects the contrast of the spatial fluctuating pseudo-
thermal light due to the dispersion of the spatial random
phase modulator. The reflected light from the object is
filtered by a narrow-band filter, whose central wavelength
λ is either 532 nm or 550 nm, and its bandwidth w varies
among 3 nm, 10 nm, 25 nm and 50 nm, when z1 = 0.15
m, z2 = 12 mm, and D = 8mm. The results with the
same phase retrieval algorithm [34] are shown in Fig. 3.
The experimental results show that the situation is bet-
ter for narrow band light. In subsequent experiments, a
narrow-band filter with a center wavelength λ = 532 nm
and a bandwidth w = 10 nm is selected.
To verify Eq. (19) in experiment, the aperture size is
changed. Images with five different aperturesD = 4 mm,
4.5 mm, 5 mm, 6 mm, 8 mm are obtained, respectively,
FIG. 4. Resolution at different apertures of the spatial ran-
dom phase modulator. Reconstructed images with different
apertures: (a) D= 4 mm, (b) D= 4.5 mm, (c) D= 5 mm, (d)
D= 6 mm, (e) D= 8 mm. (f) The theoretical resolutions. (g)
A comparison between theoretical and experimental resolu-
tions at D= 5 mm, and the red line is a cross-section denoted
by the dash line in Fig. 4(c).
FIG. 5. Resolution at different z2. Reconstructed images
with different z2: (a) z2 = 4 mm, (b) z2 = 6 mm, (c) z2 =
8 mm, (d) z2 = 10 mm, (e) z2 = 12 mm. (f) The theoret-
ical resolutions. (g) A comparison between theoretical and
experimental resolutions at z2= 8 mm, and the red line is a
cross-section denoted by the dash line in Fig. 5(c).
while z1 = 1.1 m and z2 = 60 mm are selected in accor-
dance with Case 1 (see Fig. 4(a)-(e)). According to Eq.
(18), the theoretical resolutions with different apertures
are shown in Fig. 4(f), where FWHMs for D = 4 mm,
4.5 mm, 5 mm, 6 mm and 8 mm are 150 µm, 134 µm, 121
µm, 100 µm and 75 µm, respectively. Fig. 4(g) shows
a comparison of theoretical and experimental resolutions
at D = 5 mm, where the red line is a cross-section de-
noted by the dash line in Fig. 4(c). The experimental
results show that the double slit can be distinguished at
D = 5 mm, which agrees well with theoretical results.
In Case 2, the resolution is mainly affected by the sta-
tistical properties of SRPM, which leads to a limitation
of z2 based on Eq. (20). Five different z2 (4 mm, 6 mm, 8
mm, 10 mm, 12 mm) are selected, and the reconstructed
5images are shown in Fig. 5(a)-(e), while z1 = 0.3 m and
D = 8 mm. The corresponding theoretical resolutions
are shown in Fig. 5(f), where FWHMs for z2 = 4 mm, 6
mm, 8 mm, 10 mm and 12 mm are 313 µm, 211 µm, 160
µm, 129 µm and 108 µm, respectively. Fig. 5(g) shows
a comparison of theoretical and experimental resolutions
at z2 = 8 mm, where the red line is the cross-section
denoted by the dash line in Fig. 5(c). The results show
that the double slit can be distinguished at z2 = 8 mm.
To further verify the imaging capability of lensless
Wiener-Khinchin telescope, two targets, a letter pi and
a panda toy, are imaged, respectively. Different system
parameters are selected at D = 8 mm. For the ‘pi’, z1 =
0.5 m, z2 = 2 mm, and for the ‘panda’, z1 = 1.5 m, z2 =
3 mm. Both reconstructed images are shown in Fig. 6.
For astronomical observations, the distance z1 is nearly
infinitely far away, which means z1 ≫ z2, so the resolu-
tion g
(2)
h
(
∆r0
2λz1
)
in Eq. (13) is approximated to
g
(2)
h
(
∆r0
2λz1
)
∝
∣∣∣∣∣
{
exp
{
−2
[
2pi(n− 1)
λ
]2 [
ω2 −Rη (2λz2ν)
]}
⊗F
{
|P (µ)|2
}
µ→ν
}
∆r0
2λz1
∣∣∣∣∣∣∣
2
.
(22)
FIG. 6. Imaging a letter pi and a panda toy. (a) and (b)
are photographs, where a yellow scale bar is inserted in the
low right corner, respectively. (c) and (d) are reconstructed
images, respectively.
A capital ‘GI’ is placed on the focal plane of an op-
tical lens before the SRPM to experimentally simulate
the target placed infinite far away. The reconstructed
image is shown in Fig. 7. Experimental results of Figs.
6 and 7 prove the feasibility of lensless Wiener-Khinchin
telescope in astronomical observations.
FIG. 7. Imaging an object placed equivalent infinite far away.
(a) A photograph of the target, where a yellow scale bar is
inserted in the low right corner, (b) reconstructed image.
In conclusion, we present a theoretical framework for
imaging schemes through random media, and propose
lensless Wiener-Khinchin telescope based on high-order
correlation of thermal light. The attempt to extract
spatial information of an object from high-order corre-
lation of light fields can be traced back to the famous
HBT experiment in 1956 [37, 38], which is based on the
second-order autocorrelation of light fields, and GI pro-
posed in 1995, which is based on second-order mutual-
correlation of light fields between the reference and test
arms [39]. HBT experiment and many of the early works
of GI [40, 41] perform ensemble statistics of the tempo-
ral fluctuating light field in time domain, which requires
that the temporal resolution of the detector is close to
or less than the coherence time of the light field [42].
In contrast, by modulating true thermal light such as
sunlight into a spatially fluctuating pseudo-thermal light
field through a spatial random phase modulator [9], lens-
less Wiener-Khinchin telescope calculates the ensemble
statistics of the spatially fluctuating pseudo-thermal light
field in spatial domain, therefore, the detection of the
temporal intensity fluctuation is not required.
On the other hand, from the viewpoint of the intensity
autocorrelation, single-shot imaging through scattering
layers and around corners via speckle correlations pre-
sented by Katz et al. [15] didn’t consider the effects of
diffraction through the random phase modulation, and
then the resolution of the imaging system can not be
quantitatively calculated. By analyzing the spatial high-
order correlation of light fields, the resolution is derived
and experimentally verified in lensless Wiener-Khinchin
telescope. The quantitative description of the imaging
quality makes such imaging systems not only be demon-
strated, but also be designed in practical applications.
Compared with lensless compressive sensing imaging
[11, 43, 44] and lensless GI [42, 45, 46], neither a mea-
surement matrix nor a calibration process is required.
Thus lensless Wiener-Khinchin telescope has conspicu-
ous advantages in applications such as X-ray astronom-
ical observations, where the measurement matrix or the
calibration for an unknown imaging distance is difficult
and inaccurate. The cancellation of calibration also re-
sults in lower requirements in system stability. More-
over, considering the scattering media or the randomly
inhomogeneous media as a spatial random phase modu-
lator, lensless Wiener-Khinchin telescope may also open
a door to quantitatively describe imaging through scat-
tering media or randomly inhomogeneous media [5–18].
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